Since vacuum annealing process is much simpler than creating N2 or H2 forming gas environment, it can be an alternative method for inducing oxygen vacancy assisted grain growths in LBSO films. There is one study that examined the effect of vacuum annealing on the electron transport properties of LBSO films, 25 but the reported µ values are too low (< 4 cm 2 V −1 s −1 ) to validate vacuum annealing as an effective method for improving µ.
eV) and a very high mobility of 320 cm 2 V −1 s −1 , 3, 4 which is comparable to that of single crystal Si (~350 cm 2 V −1 s −1 ). 5 For this reason, there have been many attempts to utilize LBSO in thin films transistors.
However, crystalline defects prevent the µ in LBSO films from reaching the single crystal value, and many studies were devoted to improving the crystal quality of epitaxial LBSO films. [6] [7] [8] [9] [10] [11] [12] For example, since misfit dislocations occur at the film/substrate interface due to the lattice mismatch, buffer layers are commonly used to reduce the dislocations. 13, 14 To completely eliminate the film/substrate mismatch, Lee et al. grew LBSO films on single crystal BaSnO3 substrate. 15 In addition, in our recent study, we fabricated LBSO films under an ozone atmosphere to reduce the amount of point defects. 16, 17 Unfortunately, while these approaches were successful in improving the mobility values in LBSO films (up to ~120 cm 2 V −1 s −1 ), they can significantly increase the fabrication cost, which may be a crucial issue in mass production systems at industrial scales.
In large scale production facilities, designing a clever post treating process is often more economical than improving the quality of as-deposited samples. In this regard, very interesting experimental results were released in 2015 and 2018. In one study, N2 environment at 1000 °C was used to create oxygen vacancies in the LBSO films on SrTiO3 substrates, and the µ increased from 41 cm 2 V −1 s −1 to 78 cm 2 V −1 s −1 . 18 In the other study (same research group), oxygen vacancies were generated in the LBSO films on SrTiO3 substrates using H2 forming gas at 950 °C, which further improved the µ up to 122 cm 2 V −1 s −1 . 19 According to these studies, oxygen vacancies can neutralize the negative charges at threading dislocations. [20] [21] [22] As removing oxygen ions (O 2− ) near threading dislocations decreases their thermal stability, oxygen vacancy doping creates a very strong driving force for lateral grain growths at high temperatures, which significantly increases the free propagation length of the carrier electrons. These results suggest that post treating of LBSO films can be just as effective as modifying the synthesis methods to improve the crystal quality of the as deposited LBSO films. In undoped BaSnO3 films, vacuum annealing is commonly used to create oxygen vacancies and induce mobile charge carriers.
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Since vacuum annealing process is much simpler than creating N2 or H2 forming gas 19 In one of our previous studies, Sn 2+ states were detected from LBSO films fabricated under 10 Pa of O2, which implies the presence of oxygen deficiency. 16, 28 These results suggest that the La-dopants may be promoting oxygen vacancy formations in BaSnO3 films. However, the relationship between La-dopants and oxygen vacancy in BaSnO3 has not been investigated in detail.
In this study, we studied the effect of La-dopants on the formation of oxygen vacancy in LBSO films and investigated the feasibility of enhancing the µ of LBSO films using vacuum annealing. We expected that the vacuum annealing can trigger oxygen vacancy Hall mobility (µHall) of the films were measured at room temperature by the conventional dc 4-probe method in van der Pauw electrode geometry.
To confirm that vacuum annealing can induce grain growth in LBSO films, a 2 % LBSO film (~64 nm) was prepared and cut it into two pieces. We annealed one piece in air and the other piece in vacuum (< 10 −2 Pa) at 750 °C for 1 h. Then, we measured the lateral grain sizes of the films before and after the heat treatments using the RSM [ Fig.   1 ]. While the (204) diffraction spot of the air annealed film was almost the same with that of as-deposited film, the (204) diffraction spot of the vacuum annealed was two times more intense compared to the other two films (as-deposited & air-annealed). The lateral grain sizes (D) of the as-deposited, air annealed, and vacuum annealed LBSO films were 9.1 nm, 10.2 nm, and 22.3 nm, respectively. The small grain size change after air annealing is not surprising since the film was deposited at 750 °C, and the no significant change in the microstructure was expected. On the other hand, the vacuum annealing substantially increased the lateral grain size, which is consistent with the H2 forming gas experiment. 19 This shows that vacuum annealing can indeed be an alternative method for triggering oxygen vacancy assisted grain growth in LBSO films.
In order to find the optimum vacuum annealing temperature, several 2 % LBSO films with similar thicknesses (~41 nm) and electrical properties were fabricated (Supplementary Table S1 ), and they were annealed in vacuum (< 10 −2 Pa) at different temperatures ranging from 650 °C to 800 °C for 30 min. With increasing annealing temperature, the D of the films increased gradually from ~5 nm to ~17 nm [ Fig. 2(a) and Supplementary Fig. S1 ]. Fig. 2(b) ]. In addition, the observed n was far lower than the Fig. 2(c) ]. Above 725 °C, the μHall starts to decrease despite the increase in the D, suggesting the oxygen vacancy generation rate is too high. Therefore, we decided 725 °C to be the optimal vacuum annealing temperature.
Interestingly, the vacuum annealing effect showed a strong thickness dependence as the mobility enhancement was noticeably larger in thinner films (Supplementary Figs. S2 and S3). Since the lateral grain growth in LBSO films can only take place if oxygen vacancies are supplied, the annealed region is limited by the diffusion of oxygen vacancy from the outer surface. Therefore, the observed film thickness dependence implies that mobility suppression in the LBSO films starts from the film/substrate interface, which is consistent with one of our earlier studies on the thickness dependence of the carrier mobility in LBSO. 17 The highest mobility observed was 101.6 cm 2 V −1 s −1 from vacuum annealed 117 nm LBSO film, which is comparable to that observed in LBSO films with buffer layers.
To find the effect of La-dopants on the vacuum annealing process, we annealed LBSO films (average thickness: 43 nm) with varying [La 3+ ] at 725 °C in vacuum for 30 min. films exhibited higher n compared to the as-deposited films [ Fig. 3(a) ]. Fig. 3(b) ]. 30 The μHall of the annealed LBSO films was dramatically enhanced compared with the as-deposited LBSO films [ Fig. 3(c) ].
Interestingly, the μHall enhancement was much greater in films with ≤ 2 % doping compared to that in films with ≥ 5 % doping. While the highest as-deposited μHall was If oxygen vacancies are present, this peak shift to ~531 eV (VO). 19, 31, 32 Another oxygen peak around ~532 eV (AO) can emerge from chemically adsorbed oxygen from surface contamination by organic molecules. The source of chemically adsorbed oxygen is unknown, but we believe it is related to the status of the vacuum chambers (annealing, XPS). For the XPS peak fitting, a convolution between Gaussian (70 %) and Lorentzian (30 %) was used. For each LBSO films, the full width at half maximum (FWHM) was constrained to be the same for all 3 oxygen peaks.
The VO peak energies of the LBSO films increased after vacuum annealing, especially for films with higher [ La   3+ ] [ Fig. 4(c) ]. The VO/LO area ratio, which was extracted from the XPS data (Supplementary reported to be ~5 %, the oxygen vacancy reduction in 7 % LBSO is likely attributed to the formation of La2Sn2O7, 33 which can be observed from the ceramic targets used to deposit the films (Supplementary Fig. S5 ). These results show that La-dopants in epitaxial LBSO films affect not only the oxygen stability, but also the overall thermal stability of the film.
Unfortunately, although we successfully increased the μ of the LBSO films, the role of La-dopants in the oxygen vacancy formation mechanism in LBSO films is still unclear.
In this regard, we believe that the role of threading dislocation in point defect formation is important. For example, in case of unintentionally VO doped BaSnO3−δ single crystal, vacuum annealing reduces the carrier concentration and therefore reduces the oxygen vacancy level. 34 This contradicts the behavior of epitaxial BaSnO3 films, where vacuum annealing increases the carrier concentration. 22, 23 Since the main structural difference between single crystals and epitaxial films is the presence of threading dislocations, it is plausible to think that they can promote point defect formation in epitaxial films. In the context of this research, since impurities often segregate between grains separated by dislocations, 35 one possibility is the segregation of La-dopants at threading dislocations, which is plausible since La 3+ ions can compensate the missing cation charges at threading dislocations. [20] [21] [22] This scenario also explains the low dopant carrier activation rate observed in epitaxial LBSO films [ Fig. 2(a) ]. In this case, La 3+ vacant sites in the grain interior may lose adjacent O 2− ions due to the lack of bonding electrons.
In summary, we examined the effect of vacuum annealing on the electron transport properties of the epitaxial LBSO films on (001) MgO substrates. The results clearly showed that the vacuum annealing is powerful technique to enhance the carrier mobility of LBSO films. We also found the oxygen vacancy vs. lattice oxygen (VO/LO) ratio in the vacuum annealed LBSO films was almost double as compared with the as-deposited LBSO films. In addition, lateral grain size of the LBSO films substantially increased after vacuum annealing whereas it remained almost unchanged after air annealing. These results clearly show that vacuum annealing triggers oxygen vacancy induced grain growth in the LBSO films.
The vacuum annealing approach was very effective for films with small thicknesses.
Therefore, it is a very good method for making LBSO film transistors since low thicknesses are desired for reducing the power consumption. We believe these results will be useful for designing low cost fabrication methods for high-mobility LBSO films or can be used to improve the carrier mobility of other perovskite stannates such as 
